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Background Major stroke clinical trials have failed during the past decades. The failures 
suggest the presence of heterogeneity among stroke patients. Biomarkers refer to indicators 
found in the blood, other body fluids or tissues that predicts physiologic or disease states, 
increased disease risk, or pharmacologic responses to a therapeutic intervention. Stroke bio- 
markers could be used as a guiding tool for more effective personalized therapy. 
Main Contents Three aspects of stroke biomarkers are explored in detail. First, the possible 
role of biomarkers in patients with stroke is discussed. Second, the limitations of conven- 
tional biomarkers (especially protein biomarkers) in the area of stroke research are presented 
with the reasons. Lastly, various types of biomarkers including traditional and novel genetic, 
microvesicle, and metabolomics-associated biomarkers are introduced with their advantages 
and disadvantages. We especially focus on the importance of comprehensive approaches 
using a variety of stroke biomarkers. 

Conclusion Although biomarkers are not recommended in practice guidelines for use in 
the diagnosis or treatment of stroke, many efforts have been made to overcome the limita- 
tions of biomarkers. The studies reviewed herein suggest that comprehensive analysis of dif- 
ferent types of stroke biomarkers will improve the understanding of individual pathophysi- 
ologies and further promote the development of screening tools for of high-risk patients, 
and predicting models of stroke outcome and rational stroke therapy tailored to the charac- 
teristics of each case. 
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Discovering biomarkers for stroke 

In a narrow sense, biomarkers refer to indicators measured by 
chemical or biologic tests using blood or urine that predicts 
physiologic or disease states, or increased disease risk. Biomark- 
ers are also a valuable tool in drug development, providing more 
accurate and complete information regarding drug performance, 
disease progression, or response to a specific drug therapy. In 
the research field of myocardial infarction, the role of biomark- 
ers has been emphasized over a long period of time. Treatment 
according to the biomarkers has also been investigated in vari- 



ous diseases including diabetes or immunological disorders. On 
the contrary, there has been a relative dearth of biomarker re- 
search in cerebrovascular disease. Herein, we review the role of 
current and new stroke biomarkers with their strengths and 
weaknesses, focusing on the importance of comprehensive ap- 
proaches. 

Learning from the failure of recent clinical 
trials 

Over the recent 10 years, numerous large multicenter ran- 
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domized clinical trials (RCTs) on stroke patients have been 
performed in the stroke research field. However, almost all ma- 
jor studies including RCTs regarding secondary prevention of 
stroke, 1 3 MR-based thrombolytic therapy 4 ' 5 and STAIR (Stroke 
Treatment Academic Industry Roundtable) criteria-guided 
neuroprotection 6 have failed to show meaningful clinical bene- 
fits. In this regard, several issues have been suggested to explain 
and overcome these failures. 

First, it is warranted for more larger and methodologically 
sound RCTs which meet the STAIR 7 and CONSORT 8 (CON- 
solidated Standards Of Reporting Trials) criteria. These may 
enhance the success rate and reliability of the study. It is clear 
that findings derived from large-scale intervention trials have 
provided the impetus to change guidelines for stroke treatment. 
Nonetheless, direct application of RCTs results to daily clinical 
practice is dubious, because patients enrolled in large RCTs may 
not be representative of patients in our clinical practice. 9 

Second, there has been increasing interest in new statistical 
approaches to end-point analysis in RCTs (from dichotomized 
outcome scales to global statistics, responder, or shift analysis). 10 
These are mainly used to reduce sample size or enhance trial ef- 



ficiency. 11 Unfortunately, however, researchers cannot draw any 
new findings from RCTs through the novel statistical methods. 

Third, the importance of considering heterogeneity among 
stroke patients has emerged. Unlike coronary heart disease, 
stroke has heterogeneous pathophysiologies and mechanisms. 
Moreover, individual patients with stroke have different features 
even among subjects with same stroke mechanisms. These as- 
pects enhance the need for development of personalized medi- 
cine based on the characteristics of each patient rather than per- 
forming large RCTs. Stroke biomarkers may provide the infor- 
mation on the heterogeneity and could be a guiding tool for 
more effective personalized therapy among patients with isch- 
emic cerebrovascular disease. 

Role of biomarkers in stroke research 

Emerging roles of stroke biomarkers are summarized in Table 
1. Although the roles of biomarkers are basically diagnosing the 
disease and predicting the outcome, biomarkers in patients with 
stroke can also provide a large variety of other information about 
the risk of future stroke, possible stroke mechanisms for bio- 



Table 1. Emerging roles of stroke biomarkers 



Roles 



Examples of biomarkers 



Screening high-risk (asymptomatic) subjects 



Rapid stroke diagnosis 

for pre-hospital screening 
Improve fast-tracking in emergency room 

Ancillary data when contemplating thrombolysis 
Detection of possible stroke mechanisms 

■» Biomarker-guided (molecular targeted) treatment 
Predicting drug response 



Predicting outcome 



Use as surrogate endpoints in clinical trials 



CRP, fibrinogen, and inflammatory cytokines for stroke risk 15 * 20 
vWF, BNR and UACR* for stroke risk 2122 
ADMA 1 for silent brain infarcts on MRI 19 
Genome-wide association studies of stroke 23 

Protein biomarkers associated with glial and neuronal cells (S1 00(3', GFAP, NSE 5 , MBP), inflammation 
(CRP, MMP-9, VCAM, TNF-oc, IL-6, VEGF), thrombosis (vWF, D-dimer), and others (BNP, homocysteinef 7,6 ' 



Mechanisms of neuronal death, e.g. Glutamate, GABA 30,31 
Etiologic diagnosis of ischemic stroke 28,29,69 

Pharmacogenomic studies for the resistance to aspirin, clopidogrel, warfarin, statin, or thrombolysis 
ob-antiplasmin for recanalization after thrombolysis 38 

MMP9 and S100B for a high risk of hemorrhagic transformation after thrombolysis 35 37 

Inflammatory markers for early neurological worsening 39 

S1 00B for delayed infarct expansion 70,71 

D-dimer for early recurrent ischemic lesion on DWI 44 

Higher level of serum fibrin-monomer for thrombus formation in the left atrial appendage 43 
Lower D-dimer level for spontaneous early improvement in atrial fibrillation-related stroke 41 
vWF for adverse events (mortality and major bleeding) in anticoagulated atrial fibrillation patients 42 
vWF for further stroke or vascular events in atrial fibrillation patients who received aspirin 72 
BNP for functional outcome after atrial fibrillation stroke 73 
Inflammatory markers (CPR, IL-6, etc.) for poor outcome after stroke 40 

BDNF polymorphism predicts outcome after traumatic brain injury or SAH, and response to rTMS 45,46 
Troponin T, CRP, BNP/NT-proBNP 47 
S1 00B, nitric oxide for phase III trials 



"Urinary albumin/creatinine ratio, a marker of endothelial dysfunction; 'Asymmetrical dimethylarginine, an inhibitor of eNOS, a marker of endothelial dysfunction; 'Protein 
S1 00B, homologue for CK-MB in coronary heart disease; 'Neuronal specific enolase, homologue for troponin in coronary heart disease. 

CRR C-reactive protein; vWF, von Willebrand factor; BNR B-type natriuretic peptide; GFAP, Glial fibrillary acidic protein; MBR Myelin basic protein; MMP, Matrix metalloprotein- 
ase; VCAM, Vascular cell adhesion molecule; TNF, Tumor necrosis factor; IL, Interleukin; VEGF, Vascular endothelial growth factor; GABA, Gamma aminobutyric acid; DWI, Dif- 
fusion-weighted imaging; BDNF, Brain-derived neurotrophic factor; SAH, Subarachnoid hemorrhage; rTMS, Repetitive transcranial magnetic stimulation; NT-proBNR N-termi- 
nal probrain natriuretic peptide. 



28 http://j-stroke.org 



http://dx.doi.org/10.5853/jos.2013.15.L27 



Vol. 15/ No. 1 / January 2013 



JoS 



marker-guided treatment, or drug response. In addition, they 
can be used as surrogate endpoints in clinical trials. 

Screening high-risk subjects 

Although many attempts, including national publicity and 
various programs for health promotion, have been made to 
manage stroke risk factors, the prevalence of stroke has not been 
markedly reduced. This may be partially attributable to hidden 
risk factors of stroke. Interestingly certain regions in the United 
States (Stroke Belt and Buckle) have an unusually high incidence 
and mortality of stroke and the phenomenon could not be ex- 
plained by the differences of the conventional risk factors. 12,13 
The exact causes of the higher incidence and mortality of stroke 
in the regions have not been recognized. Therefore, many re- 
searchers have devoted themselves to find novel risk factors of 
stroke to explain it, whereupon numerous possible contributing 
factors have been identified, including obesity/metabolic syn- 
drome, diet, sleep-related breathing disorders, air pollution, and 
cultural lifestyle. 14 

In addition to finding these new risk factors, a series of bio- 
markers reflecting inflammation, hemostasis, thrombosis, en- 
dothelial function, or neurohormonal activity have been evalu- 
ated as potential tools in an effort to improve risk prediction of 
future stroke, and thereby avert future events. 15 22 For example, 
a recent investigation using data from the Framingham offspring 
study found that plasma asymmetrical dimethylarginine (AD- 
MA) which is an inhibitor of endothelial nitric oxide synthase 
(eNOS) and a marker of endothelial dysfunction was associat- 
ed with a prevalence of silent brain infarcts which is an impor- 
tant correlate of risk of future stroke. 19 More recently, the same 
group published data on multiple biomarkers and identified 
that baseline B-type natriuretic peptide (BNP) having diuretic 
and vasodilatory activities and a urinary albumin/creatinine ra- 
tio indicating endothelial function were associated with the risk 
of incident stroke, and offered modest improvements in the ac- 
curacy of risk stratification. 22 In the near future, a genome-wide 
association study may also greatly contribute to building risk 
stratification models by identifying genetic variants that confer 
susceptibility to cerebrovascular disease. 23 

Rapid stroke diagnosis 

Although the diagnosis of acute stroke mostly relies on neu- 
roimaging techniques, the evaluation of biomarkers of tissue in- 
jury would be an alternative strategy for rapid stroke assessment. 
This approach has already been successfully applied in the early 
management of other diseases including coronary heart disease 
(troponin, CK-MB), pulmonary embolism (D-dimer), and 
congestive heart failure (BNP). 2426 A rapid diagnosis of stroke 
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based on biomarkers may be useful especially for pre-hospital 
screening, facilitating entry into a fast track care pathway, and 
for ancillary data when contemplating thrombolysis. However, 
a widely available, rapid, and sensitive diagnostic test for acute 
cerebral ischemia has not been available until now. 

Recently, a biomarker panel rather than a single marker in 
isolation has been increasingly used to improve the diagnostic 
accuracy of suspected stroke. For instance, a diagnostic panel 
incorporating the levels of matrix metalloproteinase 9 (MMP- 
9), BNP, D-dimer, and ST00(3 into a composite score enhanced 
sensitivity of early noncontrast CT alone for acute stroke, al- 
though the diagnostic accuracy was clearly imperfect. 27 Further- 
more, the approach was feasible as a point-of-care test in the 
emergency setting. 27 As the number of presumed biomarkers 
for stroke expands at an exponential rate, it would be expected 
to develop improved biomarker combinations for more accu- 
rate diagnosis of stroke. 

Detection of possible stroke mechanisms 

Several studies have focused on the use of biomarkers for de- 
tecting possible stroke mechanisms. A recent study investigated 
whether concentrations of von Willebrand factor (vWF) which 
plays crucial roles in thrombus formation differ depending on 
the etiologic subtypes of stroke, and found the highest levels in 
large artery disease and cardioembolic stroke. 28 Recent data by 
our group also demonstrated that inflammatory markers, rather 
than traditional risk factors were associated with clinical and ra- 
diological differences among patients with atherosclerotic 
stroke. 29 In addition, the molecular markers related to neuronal 
death can provide information about the presence of tissue at 
risk of infarction. 30,31 

Predicting drug response and outcome 

It has been well known that different patients respond in dif- 
ferent manners to the same medication. Among many factors 
that influence the effects of drugs, it is estimated that genetic 
factors can account for 20 to 95% of variability in drug disposi- 
tion and effects. 32 For example, previous studies revealed that 
CYP2C9 and VKORC1 genetic variants are associated with 
warfarin dose requirement and clinical outcomes. 33,34 Besides 
pharmacogenetics, several biomarkers are also contributing to 
predicting drug responses in patients with stroke, particularly 
when thrombolysis is administered. Specifically, elevated S-100(5 
and MMP-9 which were reported as serum markers of blood- 
brain barrier (BBB) dysfunction before thrombolysis could pre- 
dict hemorrhagic transformation after thrombolysis, 35 37 where- 
as baseline levels of afe-antiplasmin were predictive of recanaliza- 
tion in patients treated with rt-PA. 38 
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There has been mounting evidence that a number of biomar- 
kers can predict clinical or radiological outcomes from cerebral 
ischemic events. Inflammatory markers such as C-reactive pro- 
tein (CRP) or proinflammatory cytokines are reportedly asso- 
ciated with early neurological worsening or poor functional 
outcome after stroke. 39,40 Biomarkers related to coagulation/fi- 
brinolysis system such as D-dimer or vWF may also have links 
with outcome prediction, especially in patients with cardioem- 
bolic stroke. 41 44 Very recently it was reported that genetic poly- 
morphisms of brain-derived neurotrophic factor (BDNF) was 
associated with functional outcome after subarachnoid hemor- 
rhage, and cortical plasticity. 45 ' 46 

Surrogate endpoints in clinical trials 

In cardiovascular diseases, many investigators have used bio- 
markers that correlate with clinical outcomes as surrogate end- 
Table 2. Biomarkers for specific stroke subtypes 



points, because event-driven clinical trials require much of the 
cost and time burden. 47 In the area of stroke research, several 
studies has been started to use biomarkers to monitor the effi- 
cacy and safety of treatments in phase III clinical trials. Howev- 
er, changes detected in surrogate markers do not always trans- 
late into clinical endpoints, and may even be the opposite with 
clinical outcomes. 48 Thus, biomarkers maybe useful as a screen- 
ing tool and secondary outcomes, but not primary outcome in 
clinical trials at the present time. 

Type of biomarkers in stroke research 

Stroke biomarkers include traditional protein biomarkers and 
novel genetic, microvesicle, and metabolomics-associated bio- 
markers (Table 2). 



Protein 



Genetic 



Microvesicle 



Extracranial atherosclerosis 



Intracranial atherosclerosis 



Cardioembolic 



Small arterial 



Cryptogenic 
Hemorrhagic 



Inflammation (CRP), coagulation/ fibrinolysis 
(TAT, PIC, d-dimer) 74 
CRP 29 - 51 
sP-selectin 75 
Adioponectin 76 

Homocysteine 77 , Lipoprotein (a) 77 
Lipoprotein lipase 

Inflammation (CRP, Lp-PLA2) and defective fibrinolysis 

(PAI-I) 29 *vs. Normal CRP 2187 
Inhibition of angiogenesis (Endostatin / VEGF ratio) 88 
Adiponectin 89 , Resistin 90 
ADMA 90 , Lipoprotein (a) 91 - 92 
E-selectin 86 , Microalbuminuria 93 
Homocysteine 94 - 95 
Matrix metalloproteinase-2 96 
Combined model including clinical and biomarker 

(BNPandd-dimer) ,no 

Thrombosis and fibrinolysis (TAT, AT- Mil, d-dimer) 101 
Endothelial damage and platelet activation 
(vWF, sP-selectin) 72 
Platelet activation (sCD40L) 102 
Inflammation (CRP and IL-6) 106 
Homocysteine 
tPA activity & PAI-1 level 
ICAM 

Microalbuminuria 

Hypercoagulopathy (F1 .2) 112 
Hypercoagulopathy in cancer (d-dimer)" 3116 
Matrix metalloproteinase-9 65 



CRP polymorphism 78 

Fibrinogen polymorphism 73 

Several gene polymorphism (ABCA1 , IRAKI , R0S1 f 

S0X6 gene on chr'1 1p15, 14q32, 15q23 81 

Lipoprotein lipase 82 

Genetic risk score on 13 SNPs ass. With MI/CAD 83 
Adiponectin and insulin resistance polymorphism 
(FABP2) 97 

Lipoprotein lipase 82 

CRP polymorphism 98 vs. no association 99 



Risk variants for atrial fibrillation on chr'4q25 
associated with cardioembolic stroke 103104 



PKC(PRKCH) 107 
Leukotriene C4 synthase 108 
IL-6 polymorphism 106 
Endothelin 109 

CADASIL and C0L4A 1 mutations 110 
No genetic association 111 



Several gene polymorphism (LIMK1 , CYP3A4) 80 
No association of tPA-related complication and 
MMP9 118 



Platelet-derived microvesicle 81 
Endothelial activation 85 



Endothelial dysfunction 85 



Platelet-derived microvesicle 
in atrial fibrillation 105 



Hypercoagulopathy in cancer 11 

Endothelial microvesicle in 
subarachnoid hemorrhage 119 



TAT, Thrombin-Antithrombin complex; PIC, Plasmin inhibitor complex; sP-selectin, Soluble P-selectin; ABCA1, ATP-binding cassette, subfamily A, member 1; IRAKI, Interleu 
kin-1 receptor-associated kinase-1 ; R0S1 , v-Ros avian UR2 sarcoma virus oncogene homolog-1 ; S0X6, sex-determining region Y-box 6; SNP, Single nucleotide polymorphism; 
Ml, Myocardial infarction; CAD, Coronary artery disease; CRP, C-reactive protein; Lp-PLA2, Lipoprotein-associated phospholipase A2; PAI-1, Plasminogen activator inhibitor-1 
VEGF, Vascular endothelial growth factor; ADMA, Asymmetrical dimethylarginine; FABP2, Fatty acid-binding protein 2; BNP, B-type natriuretic peptide; AT-III, Antithrombin-lll 
vWF, von Willebrand factor; sCD40L, Soluble CD40 ligand; tPA, Tissue plasminogen activator; ICAM, Intercellular adhesion molecule; PKC, Protein kinase C; PRKCH, Protein ki- 
nase C eta; CADASIL, Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; C0L4A1 , Collagen, type IV, alpha 1 ; F1 .2, Prothrombin frag 
ment 1 .2; LIMK1 , LIM domain kinase 1 ; CYP3A4, Cytochrome P450, subfamily IIIA, polypeptide 4. 
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Protein biomarkers 

Research using protein biomarkers in patients with ischemic 
cerebrovascular disease have mainly focused on pathophysiolo- 
gy, diagnosis, prognostication, and neuronal death in stroke. 49 A 
typical example of protein biomarkers is CRP. 17,50,51 However, a 
recent study raised the possibility that the relation may result 
from various biases. 52 Moreover, it has raised skepticism about 
the efficacy of biomarkers in predicting stroke risk because they 
provide only limited additional information compared to the 
well-known stroke risk factors. 53,54 Further studies with more a 
systematic approach and analysis are needed in this area. 

Genetic biomarkers 

Many epidemiological studies suggested that stroke has ge- 
netic susceptibility, and various genetic factors were investigat- 
ed. 55 Among them, establishing the association of the 9p21.3 
locus with risk of cerebral infarction is one of the biggest ad- 
vances. 56 It is estimated that the genetic influence is caused by 
enhanced platelet reactivity. 56 However, many other genome- 
wide association studies failed to reproduce the positive results 
obtained from previous studies 57 or have shown that the clinical 
usefulness was very low. 58 For example, the hazard ratio and 
population attributable risk of hypertension to ischemic stroke 
is 2.0 and 26%, respectively. Conversely, the genetic influence 
on stroke was only 1.3-1.33 and 1 1-12%, respectively. 58 

Recently, studies in the pharmacogenomic area have been ac- 
tively carried out. Among them, aspirin, clopidogrel, warfarin, 
statin, and fhrombolytics-related genetic polymorphisms are 
particularly of interest. It is expected that selecting the type or 
dose of medication, avoiding side effects, or drug resistance may 
be guided by simple genetic tests in the near future. 

Microvesicle 

Mcrovesicles are denned as a heterogeneous population of 
small vesicles with a diameter of 0.1-1 u.m. It was previously be- 
lieved that microvesicles were artifacts generated by apoptotic 
cell death. However, this view has changed because the shed- 
ding of these small vesicles was recognized to result from an ac- 
tive process. 59 Microvesicles may be a window for target cell/ 
organs, and include genetic information as well as protein inside 
them. 60 Moreover, it has been identified that microvesicles have 
their own function, revealing that microvesicles from ischemic 
tissue facilitated vasculogenesis in the ischemic limb model. 61 In 
this regard, biomarker research using microvesicles is a promi- 
nent field. 

Nevertheless, biomarker studies using microvesicles in stroke 
are mostly performed in small cohorts. As the methods for ana- 
lyzing microvesicles are complicated and not unique mainly 
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due to their very small size, investigations with microvesicles are 
currently at a rudimentary state of development. When seeing 
the results from a large-scale clinical study perspective for the 
prediction of the future risk of myocardial infarction, microvesi- 
cles could be a good candidate to compensate for the limitations 
of existing biomarker researches. 62 

Metabolomics 

The assumption of metabolomics is that occurrence of the 
disease is directly related to the specific change of biochemical 
composition in the cell or biological fluid. Metabolomics-asso- 
ciated biomarker research analyzes profiles of fatty acids, amino 
acids, or polyamine in the blood or urine and determines nor- 
mal or pathologic states. Furthermore, metabolomics-associat- 
ed biomarkers can be applied to the monitoring recovery after 
treatment. Unfortunately, studies using metabolomics in the 
area of stroke is relatively lacking. 

Limitations of stroke biomarkers 

Currently, the application of biomarkers in the management 
of cerebral infarction has some limitations, despite their evolv- 
ing role. 

First, unlike myocardial infarction, changes in the brain are 
not sufficiently reflected by blood biomarkers due to the pres- 
ence of the blood-brain barrier (low sensitivity and underpow- 
ered). 

Second, biomarkers can change by a variety of comorbid 
conditions or brain damage itself (confounders and lack of 
specificities). As asymptomatic coronary atherosclerosis is fre- 
quently accompanied in patients with ischemic stroke, 63 it may 
confound the levels of biomarkers. Indeed, our group recently 
found that the burden of asymptomatic coronary atherosclero- 
sis was the most important factor for levels of C -reactive protein 
and homocysteine, regardless of vascular risk factors and the 
degree and distribution of cervicocephalic atherosclerosis (Fig- 
ure l). 64 Furthermore, the direct role of biomarkers in the dis- 
ease process may be hard to reveal. For example, matrix metal- 
loproteinase-9 (MMP-9) which is known as a marker of hem- 
orrhagic transformation after thrombolysis 65 is significantly as- 
sociated with the size of the cerebral infarction irrespective of 
hemorrhagic transformation. 29 Therefore, it is difficult to estab- 
lish the causal relationship between biomarkers and ischemic 
stroke in a real clinical setting. 

Third, there is no sufficiently robust single marker for stroke. 
As shown in Table 2, ischemic stroke is a complex process that 
includes various etiologies. In addition, the brain consists of 
many different cells with vessels having distinct anatomical char- 
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Figure 1. Distribution of CRP according to the (A) severity of cerebral atherosclerosis or (B) asymptomatic burden of coronary atherosclerosis in patients with stroke. 
CRP values are proportional to the increase of coronary (P= 0.010 for trends), but not cerebral atherosclerosis (P=0.131 for trends). Severity of cerebral or coronary 
atherosclerosis. I: No atherosclerosis or 1 segment with < 50% stenosis, II: > 2 segments with < 50% stenosis, 111:1 segment with > 50% stenosis, IV: > 2 segments 
with > 50% stenosis. 



Table 3. Strengths and weaknesses of various biomarkers 



Advantage Disadvantage 



Protein "Post-stroke analysis" 

Gene-environment interaction 
Quantitation 


Time-dependent (snapshot -> need serial checking) 
Small numbers of final products (not causative in most) 


Gene "Pre-stroke screening" 
Automatism 
Plentiful candidate 


Influence of environment ( > gene) on the development of most disease (polygenic) 
Recent failures to reproduce results 


Microvesicle Similar to protein biomarkers 

Functional (it contains nucleic components as well as trophic factors 

and receptors) 
May causative 

Window for not only damaged but also intact cells and tissues 


Similar to protein biomarkers 
Methods for measurement - unsettled 
Effortful 

Limited and non-specific markers for identification of microvesicles 



acteristics. 

Future direction and summary: need of 
comprehensive approach 

Each biomarker has different aspects, and its own advantages 
and drawbacks (Table 3). Therefore, developing an integrated 
panel of biomarkers for specific stroke subtypes is needed. A re- 
cent study reported that multiple microparticle biomarkers in 
addition to existing protein biomarkers are valuable for predict- 
ing future cardio- and cerebrovascular events. 62 Hence, a com- 
prehensive approach to using a variety of biomarkers is warrant- 
ed to overcome the limitations. In addition, multidisciplinary 
approaches including neuroimaging biomarkers are needed. 

A number of biomarkers are under investigation in patients 
with ischemic stroke. Research about biomarkers can be helpful 
especially in predicting stroke and monitoring therapeutic ef- 
fects. Currently, however, the application of biomarkers is only 
recommended for research purposes. Monitoring traditional 



risk factors or vessel status is more efficacious than measuring 
biomarkers in clinical practice. Considering the advantages and 
disadvantages of each biomarker is important for future study, 
and a comprehensive approach using multiple biomarkers is 
needed. It is strongly anticipated that the biomarkers can pro- 
vide us a turning point for investigating pathophysiology and 
therapeutic mechanisms of ischemic stroke. 
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